Abstract. Ulysses, launched on 6 October 1990, was placed in an elliptical, high inclined (80.2 • ) orbit around the Sun, and was switched off in June 2009. It has been the only spacecraft exploring high-latitude regions of the inner heliosphere. The Kiel Electron Telescope (KET) aboard Ulysses measures electrons from 3 MeV to a few GeV and protons and helium in the energy range from 6 MeV/nucleon to above 2 GeV/nucleon. The PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) space borne experiment was launched on 15 June 2006 and is continuously collecting data since then. The apparatus measures electrons, positrons, protons, anti-protons and heavier nuclei from about 100 MeV to several hundreds of GeV. Thus the combination of Ulysses and PAMELA measurements is ideally suited to determine the spatial gradients during the extended minimum of solar cycle 23. For protons in the rigidity interval 1.6 − 1.8 GV we find a radial gradient of 2.7%/AU and a latitudinal gradient of −0.024%/degree. Although the latitudinal gradient is as expected negative, its value is much smaller than predicted by current particle propagation models. This result is of relevance for the study of propagation parameters in the inner heliosphere.
Introduction
Energetic charged particles propagating in the heliosphere are scattered by irregularities in the heliospheric magnetic field, undergo gradient and curvature drifts, convection and
Correspondence to: N. De Simone (desimone@roma2.infn.it) adiabatic deceleration in the expanding solar wind. As pointed out by Jokipii et al. (1977) these drift effects should also be an important element of cosmic ray modulation. Models taking these effects into account (Potgieter et al., 2001 ) predict the latitudinal distribution of galactic cosmic ray (GCR) protons and electrons. In the 1980s and in the 2000s, during an A < 0-solar magnetic epoch, a negative latitudinal gradient for positively charged cosmic rays is predicted. Such gradients were found by the cosmic ray instruments aboard the two Voyagers (Cummings et al., 1987; McDonald et al., 1997a) . In the 1970s and 1990s, during an A < 0-solar magnetic epoch, Pioneer and Ulysses measurements in 1974 to 1977 and 1994 to 1995 confirmed the expectation of positive latitudinal gradients (McKibben, 1989; Heber et al., 1996a) . In particular, Ulysses measurements during the previous solar minimum have been reported by Heber et al. (1996b) and Heber et al. (1999) using the measurements of the IMP 8 spacecraft as a baseline close to Earth.
In this work the data comparison with PAMELA has been carried out in the period of overlap of the two missions, between July 2006 and July 2009. Because the solar activity changes the GCR intensity in a rigidity dependent way, it is important to compare data samples at the same rigidity. Therefore, after a brief description of the two instruments in Sect. 2, we will use two different methods in Sect. 3 to define the most suitable rigidity range for comparison and we will then calculate the corresponding gradients.
Instrumentation
The observations presented here were made with the Cosmic and Solar Particle Investigation (COSPIN) Kiel Electron
Published by Copernicus Publications on behalf of the Arbeitsgemeinschaft Extraterrestrische Forschung e.V. Telescope (KET) aboard Ulysses (Simpson et al., 1992) between 1.4 and 5 AU and PAMELA apparatus (Picozza et al., 2007) in low Earth orbit.
The out-of-ecliptic Ulysses mission
The main scientific goal of the joint ESA-NASA Ulysses deep-space mission was to make the first-ever measurements of the unexplored region of space above the solar poles. 
Ulysses Kiel electron telescope
The KET measures protons and α-particles in the energy range from 6 MeV/n to above 2 GeV/n, and electrons in the Energy dependent geometric factor of one of the KET proton channels (Gieseler et al., 2010) . The inset shows a sketch of the KET (from Simpson et al., 1992) .
energy range from 3 MeV to some GeV. For a complete description of the KET instrument see Simpson et al. (1992) . Using a GEANT-3 simulation of the Kiel Electron Telescope (Gieseler et al., 2010) , its geometrical factor for different energy ranges can be determined. As an example, the energy dependent response of the channel between 500 MeV and 1400 MeV is displayed in Fig. 2 (the inset displays a sketch of the sensor). It is important to note that in the energy range of interest both forward and backward penetrating particles contribute to the measurements.
The PAMELA detector
PAMELA is designed to perform high-precision spectral measurement of charged particles of galactic, heliospheric and trapped origin over a wide energy. PAMELA was mounted on the Resurs DK1 satellite launched on an elliptical and semi-polar orbit, with an altitude varying between 350 km and 600 km, at an inclination of 70 • . At high latitudes, the low geomagnetic cutoff allows low-energy particles (down to 50 MeV) to be detected and studied.
The apparatus comprises a number of high performance detectors, capable of identifying particles through the determination of charge (Z), rigidity (R = pc/|Z|e, p being the momentum of a particle of charge Z · e) and velocity (β = v/c) over a wide energy range. The device is built around a permanent magnet with a six-plane double-sided silicon micro-strip tracker, providing absolute charge information and track-deflection (η = ±1/R, with the sign de-pending on the sign of the charge derived from the curvature direction) information. A scintillator system, composed of three double layers of scintillators (S1, S2, S3), provides the trigger, a time-of-flight measurement and an additional estimation of absolute charge. A silicon-tungsten imaging calorimeter, a bottom scintillator (S4) and a neutron detector are used to perform lepton-hadron discrimination. An anticoincidence system is used off-line to reject spurious events generated by particles interacting in the apparatus. A more detailed description of PAMELA and the analysis methodology can be found in Casolino et al. (2008) .
Data analysis
For our analysis we assume that in the inner solar system the variation of the cosmic ray flux is separable in time and space (McDonald et al., 1997b) . Let J U (R,t, r, θ ) and J E (R,t, r E , θ E ) be the flux intensities at rigidity R and time t averaged over one solar rotation and measured by Ulysses KET along its orbit and PAMELA at Earth, respectively. Then:
where f (R, r, θ ) is a function of the rigidity R and of the heliospheric radial ( r) and latitudinal ( θ) distances between the two spacecraft. The radial distance r is determined by:
Although Heber et al. (1996b) and Simpson et al. (1996) found a small asymmetry of the GCR flux with respect to the heliographic equator, we assume that the proton intensity is symmetric. Thus, the latitudinal distance θ is determined by:
In both formulas U and E indicate the spatial positions of Ulysses and Earth, respectively. Assuming that latitudinal and radial variations are separable and that the variation in r (see Eq. (2)) and θ (see Eq. (3)) can be approximated by an exponential law, Eq. (1) can be rewritten as:
where, G r and G θ are the rigidity dependent (Cummings et al., 1987; Fujii and McDonald, 1999; Heber et al., 1996a; McDonald et al., 1997a; McKibben, 1989) radial and latitudinal gradients, respectively.
Determination of the mean rigidity through temporal variation
In order to use Eq. (4) to estimate the gradients, we need to define the rigidities R for the comparison, taking into account the rigidity dependent geometric factor of the KET channel. The same ratio is indicated by the red symbol for the KET channels, obtained using Eq. (6), the simulated response function and the shape of the differential flux measured by PAMELA. The KET channel at rigidity ∼ 1.7 GV has been selected for this analysis.
We will now discuss a method that takes advantage of the high rigidity resolution (< 5% in the region of interest) provided by the PAMELA magnetic spectrometer (Picozza et al., 2007) , and we will use it as a calibration tool to find the KET channels that show a mean rigidity in good agreement with PAMELA.
Let t 1 be a time for which KET is in the southern hemisphere at a radial distance r 1 and at a latitude θ 1 , and t 2 , r 2 , θ 2 the respective for the northern hemisphere (see periods in Fig. 1 ). By choosing t 1 and t 2 so that r 1 ≈ r 2 and θ 1 ≈ θ 2 , and considering that, consequently, f (R, r, θ) is approximately the same at t 1 and t 2 , it follows that:
In this way the effect of spatial gradients cancels out and the flux variation between time t 1 and time t 2 measured by KET (left side of Eq. (5)) can be compared with the flux variation measured at Earth by PAMELA (right side of Eq. (5)). Since the temporal recovery is rigidity dependent, the same flux variation can only be obtained if the mean rigidity of the KET channel is the same as the one by PAMELA. This is illustrated in between the 2006 and 2008 period using the PAMELA and KET measurements, respectively, as a function of particle rigidity. The PAMELA observation confirms the expectation that the higher the rigidity the smaller the increase in time.
The mean rigidity of a KET channel, R KET , can be obtained in two ways:
-As a first approach (method a), we make use of the KET geometrical factor GF KET (R), as calculated in Gieseler et al. (2010) , and derive:
where J PAM (R,t) is the differential flux measured by PAMELA at the rigidity R and time t. We define the mean rigidity of the KET points of Fig. 3 and calculate the associated uncertainties, taking into account the variation of the proton flux due to the solar modulation, as follows:
From the plot it follows that for most of the KET channels we get a reasonable agreement with PAMELA, indicating that both instruments respond to temporal variation of the same particle population.
However, the best agreement is found at a mean rigidity of (1.73±0.02) GV, according to the integral average in Eq. (6). -Alternatively (method b), we can also find the PAMELA rigidity interval for the comparison as the range where data from both spacecraft show a compatible variation 2006/2008. The value found for the KET channel under discussion is (1.68 ± 0.10) GV, consistent with the previous one. Both intervals will be considered in the following.
Calculation of the spatial gradients
The orbits of Ulysses and the Earth are known and provide the heliospheric radial ( r) and latitudinal ( θ ) distances between Ulysses and PAMELA. In Fig. 4 , Ulysses latitude is shown as a function of radial distance: in red the fast latitude scan of Ulysses going from the southern to the northern hemisphere is indicated. Green and blue mark the slow ascent and descent in the southern and northern hemisphere, respectively. In order to calculate the spatial gradients, Eq. (4) can be written in the form:
where X := θ/ r and Y := log(J U /J E )/ r. If G r and G θ were independent of time and space, their values would be simply given by the offset and the slope of a straight line.
It is important to recall that Eq. (7) holds only if the data from KET and PAMELA refer to the same rigidity. While during the fast latitude scan X varies strongly within a 54-day averaging period, it is well defined during the slow descent and ascent period. We will make use of these colors in order to check our results for consistency in the northern and southern hemisphere, which would be reflected in the Y versus X plot.
In the following we will determine the parameters G r and G θ comparing the given KET channel with the PAMELA data selected using the two alternative methods described in Sect. 3.1. In order to minimize the uncertainties in the estimation of the flux intensities of the KET instrument, potentially connected to the absolute determination of the geometrical factor, we adopt a normalization of the time profiles at the closest approach of Ulysses to Earth, in August 2007. For this purpose, an iterative method has been applied, that will be described in detail in Appendix A.
Method a)
The intensity time profile at Earth, J E (t), is calculated by weighting the measured PAMELA energy spectra with the response function of the KET channel as displayed in Fig. 2 :
where J PAM (R, t) is the differential intensity measured by PAMELA at the rigidity R and at the time t. The time history of both the KET and the weighted PAMELA channel are shown in Fig. 5 . Although in 2007 and 2008 the lowest sunspot numbers have been obtained since the beginning of space age, the cosmic ray flux in the rigidity range below 2.5 GV has not recovered (Heber et al., 2009 ).
The intensity time profile ratio J U /J E is displayed in Fig. 6 left, while Y as a function of X, as determined by Eq. (7), is displayed on the right. Accordingly to Fig. 4 , the three different phases in the trajectory segments have been marked by different colors. The black line through the data points represents the linear fit which gives the latitudinal gradient G θ as the slope and the radial gradient G r as the intercept with the Y-axis. The iterative algorithm (see Appendix A) converges after four iteration steps, as shown by Fig. 10 , independently of the starting conditions, indicating the robustness of our method.
The results are:
Method b)
The gradients can also be determined without considering the simulated response function of KET. As discussed in Sect. 3.1 and shown in Fig. 3 , the intensity of the PAMELA proton flux in the rigidity range (1.68 ± 0.10) GV has the same temporal increase as the KET channel under analysis. By selecting PAMELA protons in this rigidity range, we get the gradients:
These values are consistent with the values of method a), indicating that the simulated response function of the KET channel leads to systematic uncertainties smaller than the estimated errors on the gradients. (7) to the data, radial (middle panel) and latitudinal gradient (bottom panel), as a function of PAMELA rigidity R. A minimum of χ 2 is present in the rigidity interval between R = 1.54 GV and R = 1.72 GV. While the value of the radial gradient is nearly independent of the rigidity interval, the latitudinal gradient is varying from 0%/degree to −0.06%/degree. Marked by shading are the results for the radial and latitudinal gradient as described in the previous section, showing a good agreement between the two methods described in Sect. 3.2. See text for more details.
The χ 2 -minimization
In what follows, we validate the robustness of the analysis described in the previous section: we calculate the spatial gradients by using the measurements by the PAMELA detector in several small rigidity bins. The quality of the best fit is expected to vary with rigidity. As discussed in Sect. 3.1, Eq. (4) is expected to correctly describe the J U (t) J E (R,t) only at the right mean rigidity R. Figure 7 , top panel, shows that an absolute minimum is present in the χ 2 -distribution around 1.7 GV, consistent with the previous estimations. The values for the radial gradients (middle panel) and latitudinal gradients (bottom panel) are also compatible with the values in Eq. (9) (green area) and Eq. (10) (red area). Furthermore, around the minimum the values of the gradients do not significantly change for small variations in the estimated mean rigidity. 
Summary and conclusions
The Ulysses mission has contributed significantly to the understanding of the major cosmic ray observations in the inner heliosphere and at high heliolatitudes. The first major challenge was that the latitudinal gradients for cosmic ray protons at all energies, but especially at low energies (< 100 MeV), were observed significantly smaller than predicted by drift models for an A < 0-solar magnetic epoch. It became quickly evident that this was due to the overestimation of drifts in the polar regions of the heliosphere and to a too simple geometry for the heliospheric magnetic field. The extension of the mission and the launch of the PAMELA detector in 2006 allowed to perform the comparative analysis illustrated in this work and to determine the radial and latitudinal gradient during an A < 0-solar magnetic epoch. The analysis has been proven to be robust in several ways: 1) the rate of increase from 2006 to 2008, determined by the KET and the PAMELA instrument independently, agrees very well at the considered rigidity; 2) by varying the mean rigidity between 1.0 GV and 2.5 GV, the best representation of the spatial variation leads to the smallest χ 2 if a mean rigidity about 1.7 GV is chosen; 3) both the radial and latitudinal gradient do not strongly vary with the mean rigidity in the interval of interest.
Thanks to the large geometric factor and high precision measurements of the PAMELA instrument, we could show here that:
1. the mean rigidity comes to be 1.6 − 1.8 GV independently of the method chosen, therefore we conclude that the simulated response function is reliable and the results of method a) can be taken:
2. the radial gradient during the 2000 A<0-solar magnetic epoch is (2.7 ± 0.2)%/AU Fig. 9 : Computed latitudinal gradients for protons during the past A < 0-solar minimum and the prediction for the current A < 0-solar minimum (see Potgieter et al., 2001) . Marked by red point is the latitudinal gradient found in this study.
3. the latitudinal gradient during the same period is only (-0.024 ± 0.005)%/degree.
Although the absolute error of the uncertainty for the latitudinal gradients looks very small, it is about 20% of the observed value. However, the data are not statistically consistent with a null latitudinal gradient. Applying Student's t-test (Eadie et al., 1971) to the data, the hypothesis of a null latitudinal gradient is rejected at 99.6% C.L. The gradients lie within the following 95% C.L. intervals: G θ = (−0.0255±0.0182)%/degree and G r = (−2.68± 0.42)%/AU. In Fig. 8 we additionally report the χ 2 value of the fit obtained by changing a fixed value of the latitudinal gradient: as expected, the best fit minimizes the χ 2 at G θ ≈ −0.024%/degree.
In order to estimate the impact of varying solar activity we fitted function in Eq. (7) to the ratios using the period for the slow ascend south, the fast latitude scan and the slow descend north, separately. The values are summarized in Table 1 and vary between 2.5%/AU and 3.1%/AU and −0.022%/degree and −0.039%/degree, indicating a trend with solar activity cycle to become smaller for solar minimum. However, since the deviation from the mean value of 2.7%/AU and −0.026%/degree is smaller than one sigma, we randomly chose 20 points out of the full data set of 32 points and calculated the gradients for this subset 10 5 times. The mean of all these values is given in the lowest row.
Our analysis clearly reveals that for the period from 2006 to 2009, close to solar minimum in an A < 0-solar magnetic epoch, 1. the radial gradient is positive as expected. However, it is smaller than previously reported values (e.g. McDonald et al., 1997a) .
2. the latitudinal gradient is negative and much smaller than the ones observed in the previous A < 0-solar magnetic epoch (Cummings et al., 1987; McDonald et al., 1997a) . Figure 9 from Potgieter et al. (2001) displays the calculated rigidity dependence of the non-local latitudinal gradient. The parameters for this calculations are optimized to reproduce the measurements from Heber et al. (1996b) for the fast latitude scan in 1994 to 1995 during an A < 0-solar magnetic epoch (see also Burger et al., 2000) . The prediction shown by the lower curve for the A < 0-magnetic epoch are based on the same set of parameters but opposite magnetic field polarity. In contrast to their calculations, the absolute value of the latitudinal gradient found is much lower. There are several processes which may account for the observed discrepancy: -The measured solar wind parameters, wind pressure and magnetic field strength are much lower than in the previous solar cycle (McComas et al., 2008; Smith and Balogh, 2008) . Thus the size of the modulation volume as well as the diffusion tensor will be different (e.g. Ferreira et al., 2003) -As stated in Potgieter et al. (2001) , drift effects depend on the maximum latitudinal extent of the heliospheric current sheet (tilt angle). Although the magnetic field strength was much lower than in the previous solar magnetic minima, the tilt angle was much higher (e.g. Heber et al., 2009 ).
-The diffusion coefficients may depend on the heliospheric magnetic field polarity (Ferreira and Potgieter, 2004) .
In order to contribute to our understanding on how the Sun is modulating the galactic cosmic ray flux and especially to support theoretical studies of the propagation parameters in Fig. 10 : Radial and latitudinal gradients as well as the normalized intensity ratio at the closest approach as a function of the number of iteration. When the radial and the latitudinal gradients change less than 0.002% from one step to the next we stop the procedure. The minimization is perfomed using the code MINUIT (James and Roos, 1975) .
the inner heliosphere (Shalchi et al., 2010; Minnie et al., 2007; Burger et al., 2000) , detailed calculations and further analysis of the Ulysses and PAMELA data are necessary. From the latter we will obtain the radial and latitudinal gradient at other rigidities between several 100 MV and a few GV.
Appendix A
In the following we will describe the iterative method that allows us to mininimize the uncertainties in the estimation of the ratio J U /J E due to the systematic in our knowledge of J U . This is necessary for the measurement of the spatial gradients G r and G θ according to Eq. (7). We will show this method as applied to the rigidity range defined for the method a). We start with arbitrary spatial gradients G k=0 r and G k=0 θ (where k is the iteration step index) chosen in the range of findings in the 1980s and 1990s Fujii and McDonald, 1999) . We use them to determine a normalization that is for each step k defined by:
with n = 27 the number of days in the normalization interval N , in August 2007, r i and θ i the according daily values of the trajectory data. By using this in Eq. (7), we derive successive approximations of the spatial gradients. After a few iterations, this method converges and delivers the final normalization and spatial gradients. In the first step of our iterative method the normalization . By fitting Eq. (7) to the data, a new latitudinal gradient G 1 θ as the slope and the radial gradient G 1 r as the intercept with the X-axis are found.
Figure 10 displays in the two left panels the radial and latitudinal gradients as a function of iteration steps. As starting conditions we took two physical and two non-physical extreme cases:
1. A large radial and negative latitudinal gradient (red curve). This case would have been the one expected for the current A<0-solar magnetic epoch (Cummings et al., 1987; McDonald et al., 1997a) .
2. A small radial but a positive latitudinal gradient (blue curve). This case would be the one expected for an A < 0-solar magnetic epoch .
3. A large radial and positive latitudinal gradient (black curve).
4. A small radial and negative latitudinal gradient (magenta curve).
The iterations stop when the gradients become stable within 0.002% from one step to the next. The minimization is perfomed using the code MINUIT (James and Roos, 1975) .
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